Abstract-A straight coupled transmission-line (SCTL) cell to generate standard EM fields with high field uniformity, broadband frequency range, and high field generation compared with conventional double-port waveguides, is presented in this paper. An SCTL cell is designed by using the Newton-Raphson method mixed with the moment method (MM). Measured electric fields and higher order mode-resonant frequencies inside the designed SCTL cell agree well with the calculated results by the MM, and by the Galerkin method, respectively.
I. INTRODUCTION

E
NCLOSED TEM lines used in EMI/EMC testing and the calibration of EM field probes can generally be divided into two kinds [1] , [2] . One is the double-port waveguides (DPW) that consist of two tapered sections and a homogeneous middle section, such as symmetric TEM cell [3] , asymmetric TEM cell [4] , 6P-TEM cell [5] , etc. The DPW has broadband characteristics. The other is the single-port waveguides (SPW) that typically feature some sorts of broadband termination, such as gigahertz TEM (GTEM) cell [6] , wire TEM (WTEM) cell [7] , and triple TEM (TTEM) cell [8] , etc. The SPW has broadband characteristics compared with the DPW. However, the DPW can provide a dominant H-field (wave impedance 0 ) and a dominant E-field (wave impedance ) [9] - [11] . Recently, the authors proposed a bent coupled transmission-line (BCTL) cell whose inner conductors are bent in the tapered section [12] . Though the BCTL cell can not provide an additional electric-field polarization in the transverse section such as the TTEM cell, 6P-TEM cell and circular TEM (CTEM) cell [13] , it can provide high power usability for generating standard EM fields and high field uniformity. However, the BCTL cell has some difficulties in the design of the tapered section for impedance matching [12] . The purpose of this paper is to provide a straight coupled transmission-line (SCTL) cell as shown in Fig. 1(a) , to overcome the impedance matching problems in the tapered section of the BCTL cell. The solution for the higher order mode cutoff frequencies in the SCTL cell by the Galerkin method (GM) is presented in this paper. We also describe the results for the field uniformity inside the uniform area, the 1/3 center test area inside the cell [1] in Fig. 1(b) , power usability and higher order mode cutoff frequencies of the SCTL cell compared to those of the asymmetric TEM cell.
II. STRUCTURES OF SCTL CELL
The SCTL cell consists of a rectangular outer conductor tapered at both ends and two straight inner conductors ( and ) located inside the cell as shown in Fig. 1 (a) and (b). Each straight inner conductor is connected to the inner conductor of a 50-coaxial connector. The comparison result between the cross section of the asymmetric TEM cell [4] and that of the SCTL cell is shown in Fig. 1(b) and (c). The locations of 12 test points in the uniform area are also presented. The feeding method of the SCTL cell is similar to that of the X-TEM cell, out of phase [14] . The input powers and are fed at port 1 ( ) and port 2 ( ) of the SCTL cell out of phase (in odd mode), respectively. Port 3 and port 4 are terminated with 50 .
When the SCTL cell is used to generate a plane wave like far field via odd mode feeding, the odd mode characteristic impedance of the cell should be 50 [12] . If the SCTL cell is designed for simulating a near field with arbitrary wave impedance values, the characteristic impedance ( , where is even mode characteristic impedance) of the cell should be kept 50 [11] . Fig. 2 shows the calculated versus to maintain using the Newton-Raphson method (NRM) mixed with moment method (MM) [5] , [12] when and are 91.4 cm and is 0.3 cm.
In those structures, we designed an SCTL cell of which , , and are 91.4 , 91.4, 61.4, 55.1, and 0.3 cm respectively (Q-model in Fig. 2 ). The detailed plan of the SCTL cell is presented in Fig. 3 . Here, the length of middle section is 91.4 cm and the length of tapered section [ 2 in Fig. 1(a) ] is 78.0 cm. Fig. 4 shows a photograph of an SCTL cell so designed.
III. ELECTRIC CHARACTERISTIC OF A DESIGNED SCTL CELL
The input VSWRs of the designed SCTL cell were measured at frequencies from 0.3 to 300 MHz. The input VSWRs at port 1 and port 2 are shown in Fig. 5 (a) and (b). The VSWR at each input port is less than 1.17, for frequencies up to 198.1 MHz, the resonant frequency. Useful frequency windows between resonant frequencies are seen clearly in the graphs. It is shown that the impedance matching is good not only up to 198.1 MHz, but also in the frequency windows between resonant frequencies compared to those of the BCTL cell in [12] . 
IV. CALCULATION OF CUTOFF FREQUENCY BY G M
In this section, the GM is applied to find the higher order mode cutoff frequencies in the SCTL cells. Various methods [15] - [22] for determining the higher order mode cutoff frequencies in the TEM cells have been studied previously. Only the half-mode boundary model [22] can be applied to calculate the cutoff frequencies of the SCTL cells because the two inner conductors of the SCTL cell are symmetrically located vertically as shown in Fig. 1(b) . As shown in Fig. 1(b) , the SCTL cell has a symmetric shape in the right-and left-hand sides with respect to the -axis and in the up and down to -axis. When the and components of TE and TM are even modes (i.e., even or even), an electric wall along the center in the and direction, respectively, may be used [15] . When and are odd, a magnetic wall along the center in the and direction, respectively, may be used. Therefore, we can define the quarter-mode boundaries in the SCTL cells as shown in Fig. 8 . The quarter-mode boundaries are very important in the numerical solution of the cutoff frequencies of the SCTL cells because they can offer highly accurate solutions with less computer memory. The dashed and solid lines represent the Neumann boundary condition ( ), and Dirichlet boundary condition ( ), respectively. Here, is a scalar function and is the direction normal to the boundary.
In the mode boundaries of the SCTL cell in Fig. 8 , the quarter TE mode, TE mode, TM mode, and TM mode boundaries can be directly applied to the numerical solution of the higher order mode cutoff frequencies of asymmetric TEM cell as the half TE mode, TE mode, TM mode, and TE mode boundaries [22] , respectively. We can easily calculate the higher order mode cutoff frequencies by the GM [22] which efficiently determines the basis functions satisfying the edge conditions and the size of elements on the Neumann boundaries.
The calculated cutoff frequencies versus ( m) for the 50-SCTL cell in Fig. 2 are shown in Fig. 9 . The total number of elements is 468 in the GM. The total number of the basis functions is 414 for the TM mode, and 415 for TE mode, due to a trivial local basis function [22] at the edge of the inner conductor. Since the thin inner conductors are symmetrically located on the right-hand and left-hand sides in the SCTL cell, the cutoff frequencies of TE and TE mode in the SCTL cell can be calculated easily by the waveguide formula (WF) as the TEM cell [15] . The calculated cutoff frequencies of TE and TE mode by WF are 164.0 and 328.1 MHz. We can see that the calculated TE mode and TE mode cutoff frequencies using GM in Fig. 9 (a) agree well with those of TE mode and TE mode by WF. The graph shows that the TE mode cutoff frequency of the SCTL cell has large value when is increased as in asymmetric TEM cells [22] . The TE mode cutoff frequency is lower than that of TE mode when is between 0.45 and 0.75 m. When is increased, TE and TE mode formula to solve the higher order mode resonant frequencies in the SCTL cells with a horizontal tapered section of about 45 .
The comparison between the calculated resonant frequencies by Hill's formula and the measured results of the designed SCTL cell is shown in Table I . Here, is the average of the taper fraction for calculating the effective mode length in the tapered section for symmetric TEM cells [16] . The calculated TE , TE , TE and TM mode cutoff frequencies in Table I are obtained from "A," "B," "C," and "D" in Fig. 9 , respectively. It is possible to obtain the resonant frequencies by the measurement of the input VSWR and the frequency swept measurement [16] of the EM field inside the cell. We can obtain the measured TE , TE , TE and TM mode resonant frequencies from marker 1, 2, 3, and 4 in Fig. 5(b) , respectively. As with symmetric and asymmetric TEM cells [16] , [22] , we could not directly measure the TE and TE mode resonant frequencies using the VSWR measurements shown in Fig. 5 . However, we could measure the TE , TE and TE mode resonant frequencies by the frequency swept measurement [16] for the electric-field strength inside the cell. Table I shows that (a) Asymmetric TEM cell [4] . (b) SCTL cell feeding at port 1 (C ) and port 2 (C ) out of phase. the calculated TE , TE , TE and TE mode resonant frequencies with and in [16] agree well with the measured results. The TE and TE modes in the results seem to be proper because the horizontal tapered section of the SCTL cell is the same with that of the symmetric TEM cell [3] as shown in Fig. 3 . However, the calculated TE and TE mode resonant frequencies with in [16] agree not so well with the measured results.
From Hill's formula [16] , is given
The calculated cutoff frequencies and measured resonant frequency for the SCTL cell are shown in Table I . We can evaluate for the SCTL cell using (1) as but the is very different from them. In this way, we can easily predict the higher order mode resonant frequencies of the arbitrary square type ( in Fig. 1 ) of SCTL cells with a horizontal tapered section of about 45 , using Hill's formula by replacing the in [16] with those in Table II .
V. COMPARISON OF PERFORMANCES BETWEEN SCTL CELL AND ASYMMETRIC TEM CELL
A. Comparison of Field Uniformity
The decibel deviations of the electric field normalized to the electric field at the center positions 
B. Comparison of Cutoff Frequency
The higher order mode cutoff frequencies of an asymmetric TEM cell with the same size as the SCTL cell in Fig. 10(a) have been previously calculated [22] . The calculated cutoff frequencies of TE and TE mode in the TEM cell are 82.2 MHz and 164.1 MHz, respectively. We can see that TE mode cutoff frequency of the SCTL cell (in Table I ) is the same with that of the TEM cell but the TE mode cutoff frequency of the SCTL cell is larger than that of the TEM cells. As shown in Table II, is also almost the same value. The useful frequency range to test EMC is determined by the TE mode cutoff frequency, the first cutoff frequency [3] , [4] . It means that the SCTL cells have larger useful frequency range than that of the TEM cells.
C. Comparison of Power Usability
When the input power of the TEM cell with is , the electric-field strength in the uniform area in Fig. 1(c) is approximately given by [3] ( 2) where is the characteristic impedance of the TEM cell and is the length between the inner conductor and outer conductor as shown in Fig. 1(c) .
When the total input power is fed at and of the SCTL cell with , the electric-field strength in the uniform area shadowed in Fig. 1(b) is given by [12] (3) where is the characteristic impedance in the odd mode ( , out of phase) and is the length between and as shown in Fig. 1(b) . The simulated electric field (3.02 V/m, measured result: 3.0 V/m in Fig. 5 ) at the center of the designed SCTL cell by MM approaches to the calculated result (3.26 V/m) from (3) when W. From (2) and (3), we can see that the SCTL cell, whose sizes of the outer conductor and the uniform area are the same with those of the asymmetric TEM cell ( , , and in Fig. 1 ), has the better power usability than that of the asymmetric TEM cell. It means that the SCTL cell needs only half of the input power of the TEM cell to generate the electric-field strength of TEM cell with the same size.
VI. CONCLUSION
The performance of an SCTL cell has been described in this paper. The SCTL cell was designed by using the NRM mixed with the MM. The input VSWR of the designed SCTL cell is less than 1.17 for frequencies up to 198.1 MHz, the second resonant frequency.
The SCTL cell shows that it needs only the half of input power to generate the same electric-field strength of the asymmetric TEM cell with the same size ( and and in Fig. 1 ). It has better field uniformity compared to the asymmetric TEM cell. We also calculated the higher order mode cutoff frequencies by GM.) The calculated higher order mode resonant frequencies by GM agree well with the measured data. The designed SCTL cell gives wider frequency range than the asymmetric TEM cell. It is shown that the calculated electric-field distribution by MM agrees well with the measured data. The SCTL cell proposed in this paper can provide the EM fields with better power usability, higher field uniformity, and broader frequency range, when compared with those of asymmetric TEM cell.
